ABSTRACT: Glucose transporter type 1 (Glut1) deficiency syndrome (Glut1 DS, OMIM: #606777) is characterized by infantile seizures, acquired microcephaly, developmental delay, hypoglycorrhachia (CSF glucose Ͻ40 mg/dL), and decreased erythrocyte glucose uptake (56.1 Ϯ 17% of control). Previously, we reported two patients with a mild Glut1 deficiency phenotype associated with a heterozygous GLUT1 T295M mutation and normal erythrocyte glucose uptake. We assessed the pathogenicity of T295M in the Xenopus laevis oocyte expression system. Under zero-trans influx conditions, the T295M V max (590 pmol/min/oocyte) was 79% of the WT value and the Km (14.3 mM) was increased compared with WT (9.6 mM). Under zero-trans efflux conditions, both the V max (1216 pmol/min/ oocyte) and Km (8.8 mM) in T295M mutant Glut1 were markedly decreased in comparison to the WT values (7443 pmol/min/oocyte and 90.8 mM). Western blot analysis and confocal studies confirmed incorporation of the T295M mutant protein into the plasma membrane. The side chain of M295 is predicted to block the extracellular "gate" for glucose efflux in our Glut-1 molecular model. We conclude that the T295M mutation specifically alters Glut1 conformation and asymmetrically affects glucose flux across the cell by perturbing efflux more than influx. These findings explain the seemingly paradoxical findings of Glut1 DS with hypoglycorrhachia and "normal" erythrocyte glucose uptake. (Pediatr Res 64: 538-543, 2008) 
T he facilitative glucose transporter type 1 (Glut1) was the first identified member of the glucose transporter protein family (GLUT), which now has 13 members (Glut1-12 and HMT1) (1) . Glut1 has two distinct molecular forms with apparent molecular weights of 55 and 45 kD. These two forms are encoded by the same gene and differ only by the extent of glycosylation (2) . Glucose needs to traverse the endothelial cell luminal membrane, cytoplasm, and abluminal membrane to enter the brain extracellular pool. Glut1 is distributed asymmetrically on the luminal and abluminal endothelial membranes as shown by immunogold electron microscopy and by Cytochalasin B binding in human, rabbit, rat, squirrel, and monkey (3) . Other studies suggest a more symmetrical distribution of Glut1 between the luminal and abluminal membranes (4) . GLUT1 expression is regulated by metabolic demand and regional glucose metabolic rate. The cytoplasmic Glut1 can modulate glucose transport by translocation into the luminal membrane. The ratio of luminal to abluminal Glut1 can have a directive effect on rates of glucose uptake into brain (5) .
The functional roles of single amino acids have been studied in some detail. Mutations have been directed at amino acid residues that are highly conserved or apparently critical for catalytic activity (reviewed by McGowan KM et al. 1995; Hruz PW and Mueckler MM 2001) (6, 7) . The mutants Q282L (8) , P385I (9) , and truncation of the last 27 carboxyl terminal residues (10) selectively reduce 2-N-4-(1-azi-2,2,2-trifluoroethyl) benzoyl-1,3-bis(D-mannos-4-yloxy)-2-propylamine (ATB-BMPA) labeling. The mutants Y293I (11) , E329Q, E393D, and R400L (12) selectively reduce Cytochalasin B binding. In contrast, the mutants W412L (13) (14) (15) , R 92 L, and R333L/R334/A (16) reduce the glucose transport activity with very little effect on ATB-BMPA photolabeling and Cytochalasin B binding. However, E146D and R153L mutants markedly reduce transport activity, ATB-BMPA photolabeling and Cytochalasin B binding (12) . Also, whole transmembrane domains or other conserved domains have been studied by site-directed mutagenesis (7, 17) providing additional insights into the structure/function relationships within Glut1.
Glut1 Deficiency Syndrome (Glut1 DS) was first described by De Vivo et al. in 1991 (18) . About 200 patients have been diagnosed worldwide since the first report. Glut1 DS is caused by impaired facilitative glucose transport across the BBB. Fluorescence in situ hybridization and mutational analysis of the GLUT1 gene has revealed either hemizygosity or heterozygosity for missense, nonsense, insertion, deletion, duplication, and splice site mutations (19) .
We previously reported two Glut1 DS patients (20, 21) who had very similar clinical findings, the same GLUT1 missense mutation (T295M), and a normal 3-O-methyl-D-glucose (3-OMG) uptake under zero-trans influx conditions (102% and 114% of control values) in erythrocytes. All other Glut1 DS patients studied by us thus far (116 cases) have had decreased erythrocyte glucose uptake. This report explains this apparent paradox by studying the pathogenicity of this T295M missense mutation in the Xenopus laevis oocyte expression system. Our experimental findings document that the T295M mutation disturbs Glut1 efflux activity preferentially. These findings harmonize the seemingly paradoxical clinical obser-vation of hypoglycorrhachia and "normal" erythrocyte glucose uptake.
METHODS
The investigatory studies on blood were exempted from full review and approved by the Columbia University Institutional Review Board. Informed consent was obtained from the parents and patients who were participants in this study.
3-OMG uptake into freshly isolated erythrocytes were performed as previously described (22) .
Mutational analysis of the GLUT1 gene isolated from white blood cells was done as previously described (19) .
Mutagenesis and cRNA preparation was from cDNA templates by using pM-GLUT1 plasmid DNA (23) as the template for T295 mutant construction. T295M was created by using the Quick Change Site-Directed Mutagenesis Kit (Cat #200519, Stratagene, La Jolla, CA 92037) with the following primers (F, GTCTTCTATTACTCCATGAGCATCTTCGAGAAGGCG, R, CGCCTTCTCGAAGATGCTCATGGAGTAATAGAAGAC). The presence of the T295M mutation was confirmed by DNA sequence analysis. Capped, runoff cRNA transcripts of WT and mutant GLUT1 were synthesized from pM-GLUT1 constructs after linearization at a unique NotI site using a mMessage mMachine kit (Ambion, Austin, TX). cRNAs were quantified by incorporation of 3 H-UTP tracer in the transcription reaction and their integrity verified by denaturing agarose gel electrophoresis. cRNAs were stored at Ϫ80°C until the time of dilution in 100 mM KCl for injection.
Xenopus oocytes were prepared as previously described (23) . The largest undamaged oocytes (stages V and VI) were transferred to Barth's solution and incubated overnight at 18°C and injected the following day. Oocytes were injected with either 50 nL of water, 50 nL of wild-type cRNA, or 50 nL of T295M mutant cRNA (1 ng/nL) and were kept in Barth's medium at 18°C for 72 h.
Zero-trans influx studies of 3-OMG into Xenopus oocytes were determined as described previously (23) . Uptake of 14 C labeled 3-OMG together with unlabeled 3-OMG (0 -50 mM) was determined from groups of 5 oocytes under zero-trans influx. Uptake values from oocytes injected with water were subtracted from all groups.
Zero-trans efflux studies of 3-OMG into Xenopus oocytes was performed as previously described (23) . Briefly, Zero-trans efflux of 3-OMG into Xenopus Oocytes was performed by injecting different amounts of 14 C labeled 3-OMG together with unlabeled 3-OMG to reach calculated concentrations of 1 to 90 mM in oocytes expressing wild-type and mutant T295M Glut1 (assuming a 0.5 nL water volume in an average oocyte) (24) . After injection, immediately before the efflux assay, oocytes were quickly washed three times in 2 mL of Barth's solution and transferred to a scintillation vial containing 0.5 mL of Barth's solution. After 2 minutes, the oocytes were transferred to another scintillation vial. About 0.5 mL 0.1% SDS was added to both vials and mixed by vortex. Five microliters Hionic-Fluor scintillation fluid (Packard Bioscience B. V., Groningen, the Netherlands) were added before counting. The measured amount of glucose in both vials was used to evaluate the actual intracellular glucose concentration during the efflux measurement. The efflux rate from control oocytes (oocytes injected with water instead of cRNA) was subtracted when calculating both the wild type and T295M mutant expressing oocytes.
Confocal immunofluorescence microscopy for detecting Glut1 in frozen Xenopus laevis oocyte sections was performed as described previously (23) . Goat polyclonal IgG (Glut1 C20) (Santa Cruz Biotechnology, Santa Cruz, CA) was used as primary antibody, and Alexa Fluor 568 conjugated donkey anti-goat IgG (Molecular Probes, Eugene, OR) was used as the secondary antibody. Confocal microscopy was performed at the Optical Microscopy Facility at Columbia University.
Western blot analysis of membranes from injected oocytes (the same batch of oocytes used for uptake studies) were prepared by a modified method (23) . All fractions were stored at Ϫ80°C until use. Western blot analysis was performed as described previously (25) . Briefly, 15 L of total membrane or purified plasma membrane samples from wild-type, mutant, and H 2 O injected oocytes were subjected to 4 to 20% SDS-polyacrylamide gradient gel electrophoresis. Rabbit-anti-Glut-1 antibody (FabGennic Inc, Frisco, TX) was used as primary antibody, and donkey anti-rabbit IgG-HRP (Santa Cruz Biotechnology, Santa Cruz, CA) was used as the secondary antibody. Glut1 signals were quantified digitally using a densitometer equipped with ImageQuant software (Molecular Dynamics, CA). The densities of wild-type Glut1 signals in purified oocyte membranes were used to normalize mutant Glut1 densities.
Transport kinetics was analyzed by fitting data points to the MichaelisMenten equation utilizing Prism 4 software (OriginLab Software, Inc., Northampton, MA).
A human Glut1 molecular model was constructed with the homology modeling algorithm Modeler 8v2 based on the crystal structures of LacY (PDB code: 2CFQ) (26) and GlpT (PDB code: 1PW4) (27) . The sequence alignment used in the modeling was based on a) sequence-structure alignments of the human Glut1 sequence and the LacY and GlpT structures with FUGUE (28) and b) the pair wise structural alignment of LacY and GlpT calculated by Structal (29) excluding the N-and C-termini, which diverge significantly. The initial sequence alignment was further refined and validated by comparing the accessible residue positions detected so far in Glut1 by the substituted cysteine accessibility method (30) by Mueckler et al. (31) with the solvent accessible surface calculated by InsightII (Accelrys, San Diego, CA) of both LacY and GlpT structures. Based on the WT model, the T295M mutant was constructed with Pymol (DeLano Scientific, Palo Alto, CA).
RESULTS

Patient 1.
A 16-year-old boy was born after an uneventful pregnancy and term delivery. His birth weight was 7 lbs 12 ounces and the Apgar scores were 9 and 10. At age 1 y, mother noticed isolated myoclonic jerks of the body, later increasing into clusters by 18 mo. By age 4 y, the jerks became increasingly evident upon awakening during which he also appeared anarthric and dazed. The symptoms improved after taking some sugar-containing foods. At age three and half years he also developed an acute "gait disorder." The disturbance included writhing movements of the limbs, body and neck, and gyrations of the pelvis with a sudden onset lasting minutes to an hour. The movements could be interrupted by feeding sugar-containing foods. His early motor development was normal. He sat at 6 mo, walked with assistance at 13 mo, and walked independently at 21 mo. He had poor coordination and delayed speech and language development. At age 3 y, he was treated with phenytoin and phenobarbital for myoclonic seizures. Blood studies and head CT scan were normal. Electroencephalography (EEG) revealed bursts of 3 Hz spike and wave discharges correlating with myoclonic jerks. At age 5 y, he was tried on other antiepileptic drugs without clear benefit and the brain MRI scan was normal. At age 8 y, a lumber puncture showed a low CSF glucose (37.8 mg/dL), low normal lactate (0.97 mM), and normal blood glucose (94 mg/dL). The erythrocyte 3-OMG uptake was normal. Glut-1 DS was diagnosed and a ketogenic diet was started. Little or no benefit was reported because of his noncompliance with the diet regimen. At age 10 y, the ketogenic diet was switched to a high sugar diet with cornstarch supplementation and a frequent (q2h) meals/snacks plan. He still had myoclonic jerks, worse in the morning, occasional unsteady gait, writhing movements of head and upper extremities and disturbed mood characterized by being mute and nonresponsive. The ketogenic diet was restarted at age 15 y. He improved socially and academically and was generally asymptomatic during day. He still had "wobbly legs" after walking a distance (2-5 min walk).
Patient 2. A 10-year-old girl was born to healthy nonconsanguineous parents after an uneventful pregnancy and term delivery with normal birth weight and head circumference. Her motor milestones in infancy were normal and she walked at age 15 mo. Her head growth decelerated after age 5 mo when she first developed a generalized tonic-clonic convul-sion, and the head circumference fell below the third percentile after age 2 y. EEG at age 8 mo was normal. She had seizures once a month, mostly in the morning, and an EEG at age 1 yr showed spike discharges bilaterally over the central areas. Carbamazepine was ineffective, but zonisamide decreased the seizure frequency. After age 2 y, convulsions were followed by nausea and vomiting for about 6 h. She had akinetic (generalized paralytic) seizures with retained consciousness. She also had "fits of unsteady gait" for a few hours. This intermittent ataxic gait improved after taking a nap or having a meal. At 5 y, she had mild truncal ataxia and slurred speech. She could speak in sentences. Patellar tendon reflexes were increased and plantar reflexes were extensor. Funduscopy was normal. Brain MRI and EEG were normal. Serum levels of alpha-fetoprotein, electrolytes, lactate, pyruvate, and urinary organic acids were normal. The CSF lactate and pyruvate levels were 1.0 and 0.06 mM. The CSF glucose level was only 31 mg/dL whereas the blood glucose was 77 mg/dL. Ketogenic diet (1.5:1 ratio) was started at age 107 mo. Her truncal ataxia significantly improved within a week of initiating the ketogenic diet, but she still had convulsions, akinetic seizures or transient alternating hemiplegia followed by vomiting. After a 2:1 ketogenic diet was started, convulsions disappeared and akinetic seizures occurred less frequently. The two patients' clinical features, laboratory data, and erythrocyte 3-OMG uptake (zero-trans influx) kinetics are summarized in Tables 1 and 2 .
Mutagenesis studies in xenopus oocytes. The Thr hydrophilic side chain was replaced by a larger Met hydrophobic side chain in T295M. The kinetic parameters and curves of 3-OMG uptake under zero-trans influx and efflux conditions are shown in Fig. 1A and 1B. Under zero-trans influx conditions, the Km and V max of T295M mutant Glut1 were 14.3 mM and 590 pmol/min/oocyte. The Km and V max of WT Glut1 were 9.6 mM and 747 pmol/min/oocyte. Under zerotrans efflux conditions, the Km and V max of T295M mutant were 8.8 mM and 1216 pmol/min/oocyte, the Km and V max of WT Glut1 were 90.8 mM and 7443 pmol/min/oocyte.
To document targeting of the mutant Glut1 transporters to the plasma membrane, confocal microscopy of Xenopus oocytes expressing WT and T295M mutant Glut1 was performed. T295M mutant Glut-1 was targeted to the plasma membrane similar to the WT Glut-1 ( Fig. 2A) . Western blot analysis of the purified plasma membrane and, the relative amounts of T295M mutant Glut1 compared with the wild-type Glut1 immunoreactivity in plasma membrane are shown in Fig. 2B . The V max values of mutants (Fig. 1A and 1B) nor- malized by the relative amount of Glut1 in purified plasma membrane were compared with the WT Glut1 to estimate the relative transport activity. The Km value of the T295M mutant protein (14.3 mM) under zero-trans influx condition is higher than that of the WT Glut1 protein (9.6 mM). The normalized T295M V max (590 pmol/min/oocyte) is about 79% that of the WT value (747 pmol/min/oocyte). Under conditions of zerotrans efflux, the Km value of the mutant T295M Glut1 (8.8 mM) is much lower than the WT value (90.8 mM). In addition, the V max value of the T295M (1216 pmol/min/oocyte) is only 16% of the WT value (7443 pmol/min/oocyte).
DISCUSSION
Glut1 DS (OMIM #606777) is a disorder of brain energy metabolism caused by Glut1 haploinsufficiency (18) . Since 1991, several hundred patients have been identified in the United States and elsewhere throughout the world (32) (33) (34) . The laboratory signature of Glut1DS is hypoglycorrhachia and low CSF lactate concentration in the absence of hypoglycemia. All except three patients (20, 21) have shown decreased erythrocyte 3-OMG uptake (zero-trans influx) values, generally about 50% of control values. Two of these three exceptional patients shared a similar mild phenotype including monthly seizures beginning in infancy, developmental delay, ataxia, microcephaly, language deficit, hypoglycorrhachia, and low normal CSF lactate values (Tables 1 and 2 ). The erythrocyte zero-trans influx of 3-OMG was normal (Table 2) and both patients carried the heterozygous T295M mutation in GLUT1.
How could the normal 3-OMG uptake (under zero-transinflux conditions) in these two patients with typical clinical and biochemical features of Glut1 DS be explained? We hypothesized that T295M caused little or no disturbance with influx, as seen in the erythrocyte glucose uptake assay, and more disturbance with efflux as reflected by the hypoglycorrachia. Glucose would diffuse across the luminal endothelial membrane (influx), enter the endothelial cytoplasmic compartment, and diffuse more slowly across the abluminal membrane (efflux) to the brain extracellular space (Fig. 3) . Our mutagenesis studies as presented in this report support this hypothesis.
Helices 7 and 8 are predicted to cooperate in the formation of a central pore in different models (17, 35) . T295 is located in the STS polar motif of the exofacial loop between helix 7 and 8 and is conserved in the mammalian glucose transporters 1 to 4 (36) . Substitutions at Y293 in this loop impair transport activity by reducing accessibility to the cytoplasmic substratebinding site, effectively locking the transporter into an outward facing conformation (11) . The T295 amino acid residue is about 4.9 Å away from one of the nine clusters spanning the entire hydrophilic channel as revealed by docking studies (37) and locates along the extracellular opening of the transport channel (35) . Mutagenesis studies of the T295A, T295S, and T295G Glut-4 mutants (amino acid residue corresponding to that of Glut1 in COS-7 cells) showed that T295A abolishes the glucose transport activity and markedly reduces the Cytochalasin B binding without affecting the photolabeling with ATB-BMPA. However, the T295S and T295G mutants have a normal transport activity and ATB-BMPA labeling with normal to marginally reduced Cytochalasin B binding. Cystinescanning mutagenesis of the T295C Glut1 mutant in the Xenopus oocyte system correlated with normal glucose uptake (38) . These observations reveal that both steric and polar influences are required at position T295. The steric influence predominates as the T295A markedly affects transport function whereas the T295G, T295S, and T295C mutations are associated with normal transport activity (36, 38) . Recently, a T295M mutagenesis study in CHO cells correlated with a significant decrease in the 2-DOG uptake under zero-trans influx conditions (39) . However, this finding does not explain the patients' normal 3-OMG erythrocyte uptake under zerotrans influx conditions. These data suggest that the exofacial loop between helices 7 and 8 plays an important role in the normal functional Glut-1 conformation maintenance.
Our mutagenesis studies in Xenopus oocytes support our hypothesis, namely, that the mutation exerts an asymmetric effect on the influx and efflux of glucose. The V max of the mutant T295M protein under 3-OMG zero-trans influx in oocytes is about 79% of control values (Fig. 1A) . However, the V max of T295M under zero-trans efflux is significantly decreased to about 16% of the WT values (Fig. 1B) and the T295M mutant Glut1 has a higher affinity (Km 8.8 mM) compared with the WT Glut-1 (90.8 mM).
A recent Steered Molecular Dynamics study of LacY identified residues that may align along the substrate translocation pathway by pulling the substrate in a direction perpendicular to the membrane (40) . In Figure 4 , the Glut1 positions aligned to those pathway-forming residues of LacY are colored red. The LacY crystal structure is assumed to be in an inwardfacing conformation. Based on this crystal structure, our Glut-1 molecular model shows that the Glut1 residue 295 is strategically positioned at the "gate" (white circle) (Fig. 4) . Blocking this gate with the larger side chain of Met should have a stronger impact on efflux. Influx needs an outwardfacing conformation and the narrower gate should be on the intracellular side of the transmembrane domain. Thus, the T295M does not have strong impact on influx.
In summary, the T295M mutation specifically alters the Glut1 conformation as indicated in the Glut1 molecular model, and significantly disrupts Glut1 efflux activity while only mildly disrupting Glut1 influx activity. Under these abnormal conditions, glucose could be transported into the cells (such as erythrocytes, endothelial cells, and glial cells) efficiently, but would not be transported out of the cells efficiently (Fig. 3) . This asymmetric kinetic defect could explain the laboratory results in these two patients. The kinetic abnormality would only be detected by erythrocyte glucose efflux studies, not influx studies as we do routinely. These findings also dictate that GLUT1 mutational analysis should be performed in the rare circumstances when the clinical and laboratory findings are consistent with the diagnosis of Glut1 DS but the erythrocyte glucose uptake (influx) studies are normal. 
